Abstract: In this contribution we report on the morphological structures formed in blends of microphase-separated 3-miktoarm star terpolymers of polystyrene-armpolybutadiene-arm-poly(2-vinylpyridine) (SBV*) and polystyrene-block-polybutadiene (SB), polystyrene-block-poly(2-vinylpyridine) (SV), poly(2-vinylpyridine)-block-poly(cyclohexyl methacrylate) (VC) diblock copolymers. The morphologies are characterized by transmission electron microscopy. Blends with similar morphologies as known from linear triblock terpolymers are found, like core-shell structures based on cylinders or gyroids. Other blends show very distorted morphologies, or morphologies similar to the ones found for pure 3-miktoarm star terpolymers. While attractive interactions between blocks of the two species enhance the formation of common superlattices, blends with too large diblock copolymers tend to macrophase-separate.
Introduction
The structural control on a mesoscopic length scale, i.e., lengths in the range between approx. 50 and 500 nm, is an important issue in material science [1] [2] [3] . Block copolymers show microphase-separated morphologies on this length scale and thus are an important class of materials. Investigations have been carried out on the morphologies, both for linear systems like AB block copolymers [4] , ABC triblock terpolymers [5, 6] , or ABCD tetrablock quaterpolymers [7] , as well as on other systems with non-linear topologies like AB miktoarm copolymers [8] , or ABC miktoarm star terpolymers [9] . Also blending of linear block copolymers as another strategy to control morphology was used successfully [10, 11] . In such systems new morphologies were found, like a non-centrosymmetric lamellar superstructure in a blend of an ABC block terpolymer and AC block copolymer [12, 13] , or superstructures of centrosymmetric lamellae [13] . Blends of ABC miktoarm star terpolymers with other block copolymers have not been reported so far.
In previous papers [13, 14] , we have reported on blends of linear asymmetric triblock terpolymers of polystyrene (S), polybutadiene (B) and poly(2-vinylpyridine) (V) with SV and VC diblock copolymers. For the blends of linear SBV, basically two types of periodic lamellar superlattices were found [13] , while in the case of the blends with linear BSV mostly core-shell cylindrical or gyroid morphologies are observed with the B block forming the inner core structure [14] . Here we chose polystyrene-arm-polybutadiene-arm-poly(2-vinylpyridine) miktoarm star terpolymers (S x B y V z M *) (x, y, z: mass fractions in %, M: total molar mass in kg/mol, *: indicates star topology), which are composed of the same components as the linear SBV and BSV. These 3-miktoarm star terpolymers are blended with S x B y M , S x V y M and V x C y M diblock copolymers. While the first two diblock copolymers, SB and SV, consist only of chemically similar components as the star terpolymers, the latter diblock copolymer (VC) contains a poly(cyclohexyl methacrylate) block, which shows attractive segmental interactions with polystyrene [15] . Thus we may expect some enhanced miscibility in blends containing V x C y M diblock copolymer.
This paper is organized in the following way: after the description of sample preparation and characterization in the Experimental part, the morphologies of the three different blends of each miktoarm star terpolymer will be discussed.
Experimental part
Synthesis and morphology of the SBV* miktoarm star terpolymers [9] , the SB diblock copolymer [11] , and the SV and VC diblock copolymers have been reported elsewhere [16] . The molecular characteristics and the morphologies are given in Tab. 1.
Blends were prepared by dissolving the same amounts of diblock copolymer and miktoarm star terpolymer in tetrahydrofuran (THF). The solution was cast into a Petri dish and the solvent evaporated slowly during several weeks at room temperature. Then the sample was put in vacuum and heated up to 150°C for 6 h. All blends in this study consisted of equal weight fractions of the mixed block copolymers.
Transmission electron microscopy (TEM) was used to characterize the morphologies of the samples (CEM 902, Zeiss, acceleration voltage of 80 kV, bright field mode). Ultrathin sections of the samples were cut by a Reichert-Jung microtome under cryogenic conditions. The thin sections were put on gold grids. They were first subjected to OsO 4 vapour for 1 min, and then subsequently exposed to CH 3 I for another 24 h. Due to this double staining, B appears dark, S and C appear bright, and V appears grey.
Results and discussion
Five star SBV* polymers with three volume ratios of S/B were used in this study. Fig. 1 shows its blends with the various diblock copolymers. The blend with the SB diblock copolymer shows a rather distorted morphology (Fig. 1b) . In contrast, the blends with SV and VC diblock copolymers basically show the same morphology as the pure 3-miktoarm star terpolymer, i.e., a tetragonal morphology in which long domains of B are surrounded by four V and four S (Fig. 1c) or mixed S/C domains (Fig. 1d) (Fig. 2a) shows tetragonally packed cylinders for S, B and V blocks. In the case of S 34 B 11 V 55 288 * (Fig. 3a) , hexagonally shaped V cylinders are surrounded by six S cylinders and by six B cylinders. In the miktoarm star terpolymers the chain topology should favour these morphologies, where three different microphases come together along one line. Fig. 2b and 3b) . While the miktoarm star terpolymer, which contains a rather balanced ratio between S and V (S 45 B 15 V 40 217 *), shows a superstructure of poor order in its blend with SV (Fig. 2c) , the blend with VC diblock copolymer seems to be better ordered (Fig. 2d) . Here V lamellae separate mixed S/C layers, which contain B domains. The better order in this superstructure may be caused by the attractive interactions between S and C.
The blend of S 34 B 11 V 55 288 * with SV in Fig. 3c shows the same symmetry as the pure miktoarm star terpolymer. However, like in the corresponding blend with VC diblock shown in Fig. 3d , there is an important difference between the blends and the pure miktoarm star terpolymer. In pure S 34 B 11 V 55 288 * (Fig. 3a) , B domains are surrounded by two S and two V domains; the S domains are surrounded by three B and three V domains. In the case of the blends (Fig. 3c and 3d ) these numbers of neighbouring domains are just reversed for the S (or S/C) and B domains: the S domains are surrounded by two B and two V domains, the B domains are surrounded by three S (or S/C) and three V domains. Also another difference should be noticed. In the case of the two blends with SV and VC, all of the B cylinders seem to be completely embedded in the continuous S (or S/C) domains. There appears no direct interface between B and V domains, which means that S (or S/C) segments basically separate B from V domains. However, within the thin S (or S/C) layer a few B and V segments must come together due to the chain topology of the miktoarm star terpolymer. This is reasonable due to the strong incompatibility between B and V [9] and will be discussed further in the next section.
S 20 B 54 V 26 100 * and S 9 B 25 V 66 217 * blends with diblock copolymers
Next we consider the blends of two 3-miktoarm star terpolymers, S 20 B 54 V 26 100 * and S 9 B 25 V 66 217 *, which show a lamellar morphology in the pure state. This lamellar morphology is unexpected, since the topology of a layered structure does not match the topology of the macromolecule [17] . It has been examined theoretically that lamellae (and also other types of core shell morphologies) can exist for such 3-miktoarm star terpolymers under certain conditions [18] . Considering the level of incompatibility between the different arms, polystyrene shows similar repulsions to both polybutadiene and poly(2-vinylpyridine), while the incompatibility between the latter two components is much larger [13] . This leads to some tendency for the polystyrene to form a layer between polybutadiene and poly(2-vinylpyridine). However, some of the V and B segments must be mixed with the S segments, because the connecting point must be located somewhere within the S layer.
These two miktoarm star terpolymers have an almost reversed ratio of the mass fractions of S and B as compared to the miktoarm star terpolymers from Figs. 2 and 3. Fig. 4 shows the blends of S 20 B 54 V 26 100 * with a rather balanced amount of S and V, while the miktoarm star terpolymer shown in Fig. 5 contains a much lower fraction of S. In both cases no mixed superstructures are observed in the blends with SB (Figs.  4b, 5b) . Only some miscibility can be observed in the blends with SV (Figs. 4c, 5c ). The blend with S 20 B 54 V 26 100 * shows some mixed superstructure, although there is still a macrophase-separation between the common superstructure and excess diblock copolymer (Fig. 4c) . In contrast, the corresponding blend with S 9 B 25 V 66 217 * is macrophase-separated (Fig. 5c , the lower part shows diblock copolymer, the upper part shows miktoarm star terpolymer).
In the blends shown in Figs. 4 and 5 the diblock copolymers were of comparable size (B) or much larger (S) than the corresponding blocks of the miktoarm star terpolymers. This indicates that the molecular weight ratio of similar blocks of the blend partners is an important variable, which controls miscibility also in these novel types of blends. More precisely, miscibility seems to be enhanced if the block sizes of the diblock copolymer are not larger than the block sizes of the miktoarm star terpolymer.
The corresponding blends with VC diblock copolymer clearly form mixed superstructures, which are most likely a core shell double gyroid structure in the case of the blend with S 20 B 54 V 26 100 * (Fig. 4d ) and core shell cylinders in the case of the blend with S 9 B 25 V 66 217 * (Fig. 5d) . The cores of these superstructures are formed by the B blocks, while the shells and the matrices are formed by the mixed blocks of S/C and the V blocks, respectively.
The miktoarm star terpolymers S 20 B 54 V 26 100 * and S 9 B 25 V 66 217 * obviously do not match with the chain lengths of the diblock copolymers, otherwise only mixed superstructures should be observed. However, the attractive segmental interactions between C and S compensate the mismatch of chain lengths and lead to mixed superstructures in the blends with the VC diblock copolymer. 
Conclusion
In this work it was shown that common superlattices can be formed by topologically different types of block copolymers. The chain length of similar blocks of the blend partners is an important factor. If the block lengths of the diblock copolymer are not larger than the block lengths of the corresponding miktoarm star terpolymer, mixed superlattices could be expected. Otherwise, macrophase-separation will occur. However, the attractive segmental interactions between C and S can lead to mixed superstructures in the blends with the VC diblock copolymer, even if the blocks of VC diblock copolymer are larger than the corresponding blocks of miktoarm star terpolymer.
While the lamellar miktoarm star terpolymers S 20 B 54 V 26 100 * and S 9 B 25 V 66 217 * lead to core shell cylindrical or core shell double gyroid structures in compatible blends with diblock copolymers, in the case of the other 3-miktorarm star terpolymers the compatible blends still have morphologies with the interfacial lines between three different (mixed) microdomains. It was further shown that an exchange of symmetry positions of different components is possible in this type of blends.
